ABSTRACT: A new orthorhombic phase, MnCrO 4 , isostructural with MCrO 4 (M = Mg, Co, Ni, Cu, Cd) was prepared by evaporation of an aqueous solution, (NH 4 ) 2 Cr 2 O 7 + 2 Mn(NO 3 ) 2 , followed by calcination at 400°C. It is characterized by redox titration, Rietveld analysis of the X-ray diffraction pattern, Cr K edge and Mn K edge XANES, ESR, magnetic susceptibility, specific heat and resistivity measurements. In contrast to the high-pressure MnCrO 4 phase where both cations are octahedral, the new phase contains Cr in a tetrahedral environment suggesting the charge balance Mn 2+ Cr 6+ O 4 . However, the positions of both X-ray absorption K edges, the bond lengths and the ESR data suggest the occurrence of some mixed-valence character in which the mean oxidation state of Mn is higher than 2 and that of Cr is lower than 6. Both the magnetic susceptibility and the specific heat data indicate an onset of a three-dimensional antiferromagnetic order at T N ≈ 42 K, which was confirmed also by calculating the spin exchange interactions on the basis of first principles density functional calculations. Dynamic magnetic studies (ESR) corroborate this scenario and indicate appreciable short-range correlations at temperatures far above T N . MnCrO 4 is a semiconductor with activation energy of 0.27 eV; it loses oxygen on heating above 400°C to form first Cr 2 O 3 plus Mn 3 O 4 and then Mn 1.5 Cr 1.5 O 4 spinel.
INTRODUCTION

Isostructural orthorhombic M 2+
CrO 4 compounds are known for a long time for M = Mg, 1 Cd, 1 Ni, 1,2 Co, 2 Cu. 3, 4 Those with magnetic ions, M = Ni, Co, and Cu, are quasi-one-dimensional antiferromagnets. 2, 4 In CuCrO 4 , a possible multiferroic behavior was discussed. 4 It would be very interesting to study properties of their analogues with higher spins, Fe 2+ (S = 2) and Mn 2+ (S = 5/2). A divalent iron is a strong reducing agent, which is obviously incompatible with such a strong oxidizer as chromate. This problem is less serious with Mn 2+ , but Mn 2+ chromates are unknown. The high-pressure MnCrO 4 has a distorted rutile-type structure with both cations in octahedral coordination and is believed to have the formulation Cr 3+ Mn 5+ O 4 . 5 So far attempts to prepare and characterize the normal chromate, Mn 2+ Cr 6+ O 4 , have been inconclusive. Campbell 6 reported an IR spectrum of black "MnCrO 4 " that gave "no measurable X-ray diffraction pattern". "MnCrO 4 " was tested as a photocatalyst, 7 but its origin, chemical or X-ray data were not specified. This phase is still absent in the Master Database of the ICDD's Powder Diffraction File (PDF), in contrast to the case of several spinel-type manganese chromium oxides (with the oxidation states of both metals not exceeding 3+) prepared by normal-pressure high-temperature reactions. Besides, a triclinically distorted ilmenite-type MnCrO 3 phase was obtained at high pressure. 8 Precipitation from aqueous solutions of MnSO 4 and K 2 CrO 4 resulted in a dark brown product presumed to be KMn 2 (CrO 4 ) 2 (OH)(H 2 O). 9 Its rather weak powder X-ray pattern was not indexed. Besides magnetic properties, manganese chromium oxides attract attention as possible precursors for preparing Li-ion battery cathode materials such as Li 1 9 and cannot be indexed. Therefore, we decided to apply a combination of "wet" and "dry" preparation methods and avoid foreign components such as K + and SO 4 2− that cannot be eliminated by heat treatment. Starting materials were reagent-grade ammonium dichromate and manganese nitrate. The former can be easily dried. The latter is extremely hygroscopic so we use it in the form of concentrated aqueous solution. Weighed portions of this solution were carefully evaporated in porcelain crucibles, calcined at 750°C and weighed again as Mn 2 O 3 . This provided a mass fraction of the salt in the solution. Weighed portions of this solution and ammonium dichromate were mixed in the [Mn]:
[Cr] ratio of unity and evaporated under a flue while mixing thoroughly. The dry black residue was ground with a mortar and pestle and calcined at 400°C for an hour with intermittent regrinding. The diamagnetic analogue, InVO 4 [Cr] ratio was determined by the starting composition, and the oxygen content was analyzed by redox titration (see the Supporting Information for details). The major part of each sample dissolved for analysis quite rapidly leaving a small residue that remained undissolved even after prolonged heating. The presence of minor foreign phase(s) was confirmed by X-ray diffraction, see below. On the basis of the starting sample masses, average oxygen content per formula unit was calculated to be 3.86. However, taking into account the incomplete dissolution, the actual oxygen content should be higher, in reasonable accord with the expected stoichiometric formula. Hereafter, we shall assume composition to be MnCrO 4 as confirmed later by several independent techniques.
2.3. X-ray Diffraction and Absorption. An X-ray diffraction (XRD) study was performed in CuKα radiation using an ARL X'TRA diffractometer equipped with a solid state Si(Li) detector. For Rietveld refinements, GSAS+EXPGUI suite 12,13 was used. X-ray absorption near-edge structure (XANES) spectra at the Mn and Cr K edges were measured with a laboratory Rigaku RXAS spectrometer in transmission mode using Ge (311) monochromator crystal with energy resolution 0.7 and 1.1 eV for chromium and manganese, respectively. An argon-filled proportional counter and a scintillation detector were used to record the intensity of the incident and transmitted X-rays, correspondingly. To decrease noise, ten scans were averaged for each sample. After background subtraction, the calibrated spectra were normalized.
2.4. Magnetic and Thermal Studies. Magnetic measurements were performed by means of a Quantum Design PPMS system. The temperature dependence of the magnetic susceptibility was measured at the magnetic field B = 0.1 T in the temperature range 2−350 K and under variation of the magnetic field up to B = 9 T in the temperature range 2−100 K. In addition, the isothermal magnetization curves were obtained in external fields up to 9 T at two temperatures (T = 2 and 5 K) after cooling the sample in zero magnetic field.
Heat capacity measurements were carried out by a relaxation method using a Quantum Design PPMS system. The plate-shaped samples of MnCrO 4 of ∼0.2 mm thickness and 12.2 mg mass and InVO 4 of ∼0.3 mm thickness and 25 mg mass were obtained by pressing of the polycrystalline powder. For both samples the data were collected at zero magnetic field in the temperature range 1.9−100 K.
Electron spin resonance (ESR) studies were carried out using an Xband ESR spectrometer CMS 8400 (ADANI) ( f ≈ 9.4 GHz, B ≤ 0.7 T) equipped with a low temperature mount, operating in the range T = 5−300 K. The effective g-factor has been calculated with respect to a BDPA (a,g-bisdiphenyline-b-phenylallyl) reference sample with g et = 2.00359. Cmcm might be selected as the most probable space group. The cubic root of the formula volume of the new compound, together with those for five previously known chromates, is in excellent linear relationship with the ionic radii (Figure 2 , left), thus confirming the structural analogy and the adopted composition. As evident from the plot, the formula volume of the new phase is much larger than that for the high-pressure form 5 because of the reduced coordination number of Cr. Besides the strong and sharp indexed reflections, the XRD pattern contained several weak and diffuse reflections that could not be indexed. Trying to obtain a purer product, we repeated the synthesis to obtain exactly the same reflections from MnCrO 4 whereas most unindexed reflections disappeared but some new weak and diffuse peaks appeared (Figure 3 ). This confirms that these unindexed reflections are from impurity phase(s) and not from MnCrO 4 . The structure refinements carried out by using the whole pattern with no account for the impurities and by excluding the two corresponding angular ranges led essentially to the same results. Figure 1 shows the results from the second refinement and the corresponding crystallographic information file (cif) is given in the Supporting Information. Table 1 lists the unit cell data and refinement details, and Table 2 , principal interatomic distances and bond valences. It is confirmed that MnCrO 4 is strictly isostructural with MCrO 4 (M = Mg, Co, Ni, Cu, Cd). A polyhedral view of the structure is represented in Figure 2 ( (Figure 4 ) exhibits nontrivial behavior at low temperatures. The clearest feature is a rather broad smeared maximum at T max ≈ 42 K, which appears to indicate either a lower magnetic dimensionality or an order−disorder transition. Below this point the χ drops rapidly both in zero-field cooling (ZFC) and field-cooling (FC) data. In addition, a thorough analysis of χ(T) in comparison with its derivative dχ/dT(T) reveals an appearance of additional anomaly at T 2 ∼ 9 K (see right upper inset in Figure 4 ). At lowest temperatures, the upturn of χ is seen in FC regime, which can be ascribed to the presence of small amount of impurities in the sample (possibly due to the mixed valence manganese as described below in Sections 3.5 and 3.6). Below T max , one can see also a noticeable divergence between the ZFC and FC magnetic susceptibility data, indicating possible spinglass-like behavior at low temperatures. In contrast to the case of the recently reported isostructural compound CuCrO 4 , 4 the χ(T) vs T plot of MnCrO 4 , does not follow the Curie−Weiss law up to the highest temperature (T ≈ 350 K) achieved in our experiments. The magnetization isotherms M(B) were measured at lowest temperatures and were found to display neither hysteresis nor saturation in magnetic fields up to 9 T (see left lower inset in Figure 4 ). Within this range of the applied magnetic fields, the magnetic moment is still far below the theoretically expected saturation magnetic moment for Mn 2+ (S = 5/2) M S ≈ 5 μ B / Mn atom. A more detailed inspection of the data reveals a slight upward curvature of the magnetization curves. A rather broad but clear maximum is obvious in the derivative dM/dB, which implies a slight left-bending in the M(B) vs T plot (obtained at 2 K) at around 6.5 T (see left lower inset in Figure 4) . On raising temperature, the maximum shifts toward lower field side. Supposedly, such features are indicative of a magnetic field induced transition (metamagnetic or spin-reorientation) in MnCrO 4 . At the same time, the features in dM/dB are very broad. Similarly broad features have been observed in La 5 Ca 8 Cu 24 O 41 in a region of the phase diagram where a long-range antiferromagnetic order is replaced by short-range antiferromagnetic spin correlations. 15 An approximation of χ(T) data in terms of a onedimensional (1D) chain model for S = 5/2 spin system 16, 17 was found to be unsuccessful. In contrast to the case of the isostructural S = 1/2 CuCrO 4 compound, 4 therefore, the magnetism of MnCrO 4 cannot be described by a 1D AFM chain model.
A direct confirmation for this inference has been obtained from the specific heat data ( Figure 5 ), which at zero magnetic field exhibit a distinct λ-shaped anomaly (centered at T ≈ 42 K), which is characteristic of a three-dimensional (3D) magnetic order at T = T N = 42 K. In addition, the occurrence of another anomaly at T 2 , revealed from the χ(T) vs T data at ∼9 K, is also obvious from the specific heat data ( Figure 5 ).
For quantitative estimations the specific heat data were measured also for nonmagnetic isostructural analogue InVO 4 . We assume that the specific heat of the isostructural compound InVO 4 provides an estimate for the pure lattice contribution to specific heat. The correction to this contribution for MnCrO 4 has been made taking into account the difference between the molar masses 18 for each type of atoms in the compound (In− Mn and V−Cr). The values for Debye temperature Θ D have been estimated as ∼338 ± 5 K for the diamagnetic compound InVO 4 and ∼465 ± 5 K for the MnCrO 4 . We observe a specific heat jump of ΔC p ≈ 12 J/(mol K) at T N , which is a bit less than the value predicted from the mean-field theory for the antiferromagnetic spin ordering assuming manganese to be in the high spin Mn 2+ (S = 5/2) state
where R being the gas constant R = 8.31 J/(mol K).
The magnetic contribution to the specific heat was determined by subtracting the lattice contribution using the data for the isostructural nonmagnetic analogue InVO 4 (see insets in Figure 5 ). We examine the C m (T) below T 2 in terms of the spin-wave (SW) approach assuming the limiting lowtemperature behavior of the magnetic specific heat should follow C m ∝ T d/n power law for magnons, 19 where d stands for the dimensionality of the magnetic lattice and n is defined as the exponent in the dispersion relation ω ≈ κ n . For antiferromagnetic (AFM) and ferromagnetic (FM) magnons, n = 1 and n = 2, respectively. The least-squares fitting of the data below T 2 (lower inset in Figure 5 ) has given with good accuracy d = 2 and n = 1.0 values, that implies presence of 2D AFM magnons at the lowest temperatures. The entropy change has been calculated using the equation: Figure 5 ). One can see that the magnetic entropy ΔS m almost reaches the saturation value, which is close to those expected from mean-field theory for S = 5/2 spin system ΔS theor = Rln(2S + 1). 18 We note, however, the magnetic entropy released below T N removes only about 60% of the saturation value. This indicates the presence of appreciable short-range correlations far above T N , which is usually characteristic feature for materials with lower magnetic dimensionality. 20 Taking into account that the specific heat data presumes the presence of 2D AFM magnons at the low temperatures we have also tried to analyze the temperature dependence of the magnetic susceptibility in the frame of 2D square lattice model. High-temperature series expansion analysis using the coefficients for S = 5/2 spin system 21,22 does not unfortunately give any adequate description of the data. To elucidate further the complex magnetic behavior of new compound MnCrO 4 , further investigations and theoretical analysis are strongly desirable, preferably on the single crystals.
In applied magnetic fields, the presence of two anomalies (T N ≈ 42 K and T 2 ≈ 9 K) on temperature dependence of the magnetic susceptibility χ = M/B becomes rather obvious ( Figure 6 ). The position of T N is almost field-independent up to 9 T, whereas the T 2 anomaly shifts rapidly to lower temperatures with increasing magnetic field. The origin of this T 2 anomaly remains unclear at present.
3.4. Examination of the Magnetic Structure by Density Functional Calculations. We probe the magnetic interactions of MnCrO 4 by evaluating the four spin-exchange interactions defined in Figure 7 , namely, the two exchanges J nn and J nnn along the edge-sharing chain along the c-direction as well as the interchain exchanges J 1 and J 2 . In this investigation, we assume for simplicity that all Mn and Cr atoms are in the +2 and +6 oxidation states, respectively (see below for further discussion). To determine the values of these exchanges, we 
where J ij (= J nn , J nnn , J 1 , J 2 ) is the exchange parameter for the interaction between the spin sites i and j. Then, according to the energy expressions obtained for spin dimers with N unpaired spins per spin site Mn
2+
(in the present case, N = 5), 23−25 the total spin exchange energy of each ordered spin state per four formula units (FU) is given as summarized in Figure S2 in the Supporting Information.
We determine the relative energies of the five ordered spin states of MnCrO 4 by density functional calculations using the Vienna ab initio simulation package (VASP), the projected augmented-wave (PAW) method, 26 the generalized-gradient approximation (GGA) for the exchange and correlation functional, 27 the plane-wave cutoff energy set to 600 eV, and a set of 4 × 4 × 4 k-point mesh for the Brillouin zone integration. To take into consideration the strong electron correlation associated with the Mn 3d state, we carry out GGA plus on-site repulsion (GGA+U) calculations with U eff = 3, 4, and 5 eV for Mn. 28 The relative energies of the five ordered spin states obtained from our GGA+U calculations are summarized in Figure S2 in the Supporting Information. It should be pointed out that the electronic structures of the five spin ordered states are consistent with the presence of the Mn 2+ (d 5 , S = 5/2) and Cr 6+ (d 0 ) ions. We map the relative energies of the five states onto the corresponding relative energies from the total spin-exchange energies, 23 to obtain the values of J nn , J nnn , J 1 , and J 2 , summarized in Table 3 . Table 3 shows that the magnetic interactions of MnCrO 4 are dominated by J nn and J 1 , which are both AFM and are essentially identical in strength. J nn is a Mn−O−Mn superexchange (SE), whereas J 1 is a Mn−O···O−Mn supersuperexchange (SSE). It is known 24, 25 that SSE interactions, often neglected because they are not covered by Goodenough− Kanamori rules, 29 can be stronger than SE interactions. Each high-spin Mn 2+ (S = 5/2) ion of MnCrO 4 has five magnetic orbitals (i.e., all its t 2g and e g orbitals are singly occupied) so that the Mn−O···O−Mn SSE interactions between the edgesharing octahedral chains can be strong. The oxygen atoms of each MnO 6 octahedron can be classified into the equatorial and axial atoms (O eq and O ax , respectively) with the O eq atoms as the shared oxygen atoms in the edge-sharing octahedral chains. Thus each MnO 6 octahedron has four Mn−O eq bonds and two Mn−O ax bonds. The two adjacent MnO 6 octahedra of the J 1 exchange path are connected by two O ax ···O eq contacts, while those of the J 2 exchange path by two O eq ···O eq contacts. The Mn−O eq bond is longer than the Mn−O ax bond (2.173 vs 2.110 Å), and the O eq ···O eq contact is longer than the O ax ···O eq contact (2.752 vs 2.714 Å). This is why J 2 is weaker than J 1 . In contrast, each Cu 2+ (S =1/2) ion of CuCrO 4 has only one magnetic orbital contained in the edge-sharing plane, which makes the interchain spin exchange very weak. Thus, the essential magnetic character of CuCrO 4 is 1D in nature.
The two dominant spin exchanges J nn and J 1 of MnCrO 4 form an essentially 3D cubic AFM lattice in which the 2D square AFM nets (defined by J nn and J 1 ) parallel to the (110) plane interact antiferromagnetically through J 1 . Since J 2 is negligibly weak compared with J 1 , the interactions between adjacent 2D square nets are not spin-frustrated. Therefore, MnCrO 4 is predicted to undergo a 3D G-type AFM ordering so that the magnetic susceptibility maximum at T max ≈ 42 K should be regarded as the Neél temperature T N , although the χ vs T plot ( Figure 4 ) around 42 K lacks the characteristic sharp feature expected for a 3D AFM ordering. This interpretation is in agreement with the fact that our specific heat measurements show a λ-anomaly around 42 K. In the mean-field approximation, 30 the Curie−Weiss temperature θ is related to the spin exchange parameters J nn and J 1 as 
where the summation runs over all nearest neighbors of a given spin site, z i is the number of nearest neighbors connected by the spin exchange parameter J i , and S is the spin quantum number of each spin site (i.e., S = 5/2 in the present case). Therefore, the θ value is estimated to be −95.4, −77.1, and −63.6 K by using the spin exchange constants calculated from the use of U eff = 3, 4, and 5 eV, respectively. These are in reasonable agreement the value of −55 K estimated from the integral ESR intensity, which is a measure of the static magnetic susceptibility (see Section 3.6). Finally, we examine the reason for the small band gap in MnCrO 4 by examining the density of states (DOS) plots calculated for its G-type AFM state (Figure 8 ). The valence band is dominated by the Mn 3d states, and the conduction band by the Cr 3d states. The band gap E g is calculated to be 1.3 eV from our GGA+U calculations with U eff = 4 eV. Because E g is smaller than 1.5 eV, MnCrO 4 is expected to be black in color. The reason for the small band gap is that it involves the occupied Mn 3d and the unoccupied Cr 3d states. (Figure 8) , this suggested the possibility of partial electron transfer from Mn 2+ to Cr 6+ , in accordance with the reducing properties of the former and oxidizing properties of the latter. Consistent with this view, the bond valence sums calculated with the standard bond valence parameters 31 for Mn 2+ and Cr 6+ (2.26 and 5.64, respectively) deviate from the integer values as expected, whereas bond valence sums for oxygens are normal (Table 2) .
To obtain more detailed information about the charge state of Mn and Cr, we analyzed the experimental XANES data. According to Kunzel's law, 32 with increasing oxidation number, each absorption feature in the XANES spectrum is shifted to higher energies and the energy shifts vary linearly with the valence of the absorbing atom for a given ligand type and coordination. On the other hand, the position of main K edge may vary with ligand type and/or coordination geometry within ∼8 eV for Mn 33, 34 and up to ∼9 eV for Cr. 34, 35 To eliminate the influence of these factors, the reference compounds should have the same chemical environment as do the atoms under study. . A theoretical analysis of Mn and Cr K edge experimental spectra was carried out using the coordinates from the XRD study within the nonmuffin-tin approach, the finite difference method (FDMNES 2012). 36 Experimental and theoretical spectra are in good agreement (Figures 9 and 10 ). Since XANES is sensitive to the short-range order around absorbing atoms, the crystal structure obtained from XRD correctly predicts the local atomic structure around manganese and chromium atoms.
The energy position of the Mn edge was taken at the inflection point as determined by the first derivative of the absorbance. Such an approach was used in the investigation of the valence states of Mn in mixed-valence manganates, 37 because it generally shows spectroscopic features more clearly than the absorption spectra. Assuming linear relation between formal oxidation state and edge energy (not shown here), the Mn oxidation state of MnCrO 4 is estimated to be 2.4, in reasonable agreement with the bond valence data.
For chromium, the valence is better defined by the position of the pre-edge feature than by the edge position. The calculations for Cr 5+ and Cr 6+ in tetrahedral oxygen environment showed shifting the pre-edge centroid toward higher energies by ∼1 eV. 38 The chromium spectra of Figure 10 show a shift of the edge position by ∼0.35 eV and that of the preedge peak of ∼0.3 eV to lower energies with respect to those of the Cr 6+ oxidation state. This indicates a slightly lower oxidation state of chromium. A numerical estimation cannot be done due to the absence of a suitable reference material for Cr 5+ , but can be indirectly confirmed through both pre-edge and edge position of the Cr K-edge XANES data of Cr 5+ and Cr 6+ in calcium chromates and uranyl compounds containing mixed chromium oxidation states. 39, 40 Additionally, charges on atoms were calculated by means of Bader analysis 41 using the full-potential linearized augmented plane wave method implemented within the Wien2k program package 42 using the GGA PBE exchange correlation potential. 43 Based on the linear correlation between the calculated Bader charges of Mn and Cr atoms and their oxidation states in the reference compounds (see Figure S3 in . Second, this specific structure type is unfavorable for such elongation, because the axial oxygen, O(1), in contrast to O(2), has only one bond to Mn. Then, bond valence principle demands that Mn−O(1) bond should be shorter than Mn−O(2) bond, resulting in flattened rather than elongated octahedron (CN 2 + 4), or, otherwise, Cr−O bonds should be considerably different in length. The former variant, although rare, does not contradict the Jahn− Teller theorem and takes place in MnCrO 4 (see Table 2 ), whereas the latter takes place in another isomorph with Jahn− Teller ion, CuCrO 4 .
3,4 3.6. ESR Study. To further elucidate the complex magnetic properties and valence states of MnCrO 4 , we have also performed electron spin resonance (ESR) study. The evolution of the ESR spectra of powder sample MnCrO 4 with temperature is presented in Figure 11 .
The ESR spectra of Figure 11 indicate the presence of two spectral components, a narrow line superimposed over a broad one. The two components exhibit rather different features. The resonance field characterizing the narrow line L 2 varies weakly when the temperature decreases, whereas the broad line L 1 shifts rapidly toward the lower field side below approximately 50 K (see Figure 11b) . Similarly, the line width of the broad component manifests the temperature-dependent character in more distinct manner (almost over the whole temperature range investigated) than the narrow one. The results obtained can be understood assuming the existence of two different resonant centers in MnCrO 4 .
For quantitative analysis of the line shape, each spectrum has been fitted by the sum of two Dysonian line shapes, 44 taking into account a small contribution of the dispersion into absorption. Since the line observed is relatively broad (only one order less than the resonance field value in the present compound), two circular components of the exciting linearly polarized microwave field have to be taken into consideration. Therefore, for a proper analysis, the ESR signals on both sides of B = 0 should be included into the fit formula; according to Joshi 
This describes an asymmetric Lorenzian line, where P is the power absorbed in the ESR experiment, B the magnetic field, B r the resonance field, and ΔB the line width. α denotes the asymmetry parameter, which is the fraction of the dispersion added to the absorption. The admixture of dispersion to the absorption signal is usually observed in metals. Here, we are dealing with a magnetic semiconductor, in which the asymmetry arises from the influence of nondiagonal elements of the dynamic susceptibility. This effect is often observed in systems with interactions of low symmetry and sufficiently broad resonance lines (B r ≈ ΔB).
46,47
Results of the ESR line shape fitting by the sum of two asymmetric Lorenzians (eq 3) are shown by red solid lines in Figure 11 . An example of the spectrum decomposition along with two resolved lines is given in Figure 11c (blue and green dashed lines are broad and narrow components respectively, while the red solid one is the sum of these lines). The fitted curves are in good agreement with the experimental data. The line width ΔB, the effective g-factor, and the integral ESR intensity (which is proportional to the number of magnetic spins) derived from these fits for the two resolved lines are summarized in Figure 12 .
The effective g-factor was found to be nearly isotropic for both components of the ESR spectra. The average effective gfactors at room temperature are found to be g 1 = 2.05 ± 0.03 for the main (broad) absorption line L 1 , and g 2 = 1.97 ± 0.01 for the narrower absorption line L 2 . When the temperature decreases, the g 2 remains practically unchanged, while g 1 noticeably grows below ∼75 K (the upper part of Figure 12 ). The line width ΔB 2 varies weakly for the narrow line at high temperatures and demonstrates a rapid increase only below T N , whereas line L 1 broadens already below ∼180 K with decreasing temperature (the middle part of Figure 12) . Apparently, such a behavior indicates the presence of strong short-range correlations essentially higher than the ordering temperature T N , which are frequently characteristic of the systems with lower dimensionality. Similar to the static magnetic susceptibility data presented above, the integral ESR intensity for both ESR signals increases with decreasing temperature, passes through a maximum at about 40−45 K and then decreases (the lower part of Figure 12) . At low temperatures (T < 30 K) only one (broad) component L 1 dominates the absorption. Remarkably, this ESR susceptibility χ ESR (T) for both resolved resonance lines follows the Curie− Weiss relationship at temperatures higher ∼50 K with the Curie−Weiss temperature θ ≈ −55 K (see Figure 12) .
Thus, the ESR data clearly indicate the presence of two different paramagnetic centers in the compound under study. It seems natural to reflect the main (broad) line L 1 (g 1 ≈ 2.05) to the signal from Mn 2+ , which play a key role in the magnetic properties of MnCrO 4 . One can assume that the additional narrow line L 2 (g 2 ≈ 1.97) in ESR spectra is probably related to a signal due to a small amount of the paramagnetic defect centers that may be associated with the presence of either Cr 5+ ions or a second phase mentioned in Section 3.1. project PAQSE001. He also thankfully acknowledges the computer resources from MareNostrum, technical expertise and prompt assistance provided by the Spanish Supercomputing Network (RES) and the Barcelona Supercomputing Center−Centro Nacional de Supercomputacioń through HPC Grant QCM-2013-1-0048: "MEMOIR: Multiferroic and magnetoElectric Metal OrganIc framewoRks". S.P. and A.S. acknowledge support from the PRIN-2010 Project "Interfacce di ossidi: nuove proprietàemergenti, multifunzionalitàe dispositivi per l'elettronica e l'energia (OXIDE)".
CONCLUSIONS
